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Abstract 
Discontinuous plastic flow in metals referred to as dynamic strain aging. These DSA appears during the plastic deformation of the metallic 
materials under certain temperatures and strain rates. Present work is aimed to find the best available material model for simulations of deep 
drawing in DSA region.  The limiting drawing ratio and thickness distribution of drawn cup are the indicators of formability in deep drawing. 
Thickness distribution of the simulated cup at LDR in DSA region was compared with experimental values. It was observed that Barlat 
material model best simulates the deep drawing process in DSA region. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
 
The occurrence of DSA during plastic deformation is a well-known phenomenon in metallic materials. It is attributed to 
the interaction of solute atoms with moving dislocations and is generally observed when the deformation temperature is high 
enough to permit short range diffusion of solute atoms to dislocation cores. Benallal et al (2006) studied the theoretical and 
numerical aspects of DSA phenomenon. The strong elastic interaction result in a temporary arrest of the dislocation in the 
slip plane. These DSA is appeared during the plastic deformation process of metallic materials under certain temperatures 
and strain rates.  DSA should not be ignored, it significantly effect on propertiese of materials. Mesarovic (1995), 
Brüggemann (2008) were founded the influence of DSA phenomenon on the mechanical behaviour of materials. Tensile 
strength and fatigue strength of the material are increased by DSA and ductility, rupture toughness were also influenced.  
 
Austenitic stainless steel (ASS) is a versatile material. It is the material that keeps on finding its way into new 
applications on a close to daily bases. ASS is most easily recognized as nonmagnetic. They can be successfully used from 
cryogenic temperatures to red-hot temperatures of furnaces and jet engines. These have many advantages from a 
metallurgical point of view. They can be made incredibly strong by cold work. This austenitic structure is very tough and 
ductile down to absolute zero. They also do not lose their strength at elevated temperatures as rapidly as other iron base 
alloys. The austenitic stainless steels, because of their high chromium and nickel content are most corrosion resistant of the 
stainless group. Pardo et al (2008) studied about varies elements effect on corrosion properties of stainless steel. 
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The serrated flow was specified as DSA and this is due to solute atom obstacle to the movement of dislocations at low 
strain rates. This non-classic behavior of the material is more drastic effect on the formability of sheet metal. Hussain et al 
(2013) investigated in austenitic stainless steels serrated flow was occurring in the temperature range of 400 to 600°C.  A 
proper material model is needed to understand the material response in this kind of behaviour. Anjabin et al (2013) studied 
the material models to simulate the DSA phenomena in metallic materials. 
 
Formability of material is increased at elevated temperatures. Bolt et al (2001) shown that forming at elevated 
temperature can yield a significant increase in drawability of aluminium alloys. Kurukuri et al  (2009) was founded that 
temperature and strain rate influence the deep drawing process. At elevated temperature DSA may occur, in current work try 
to understand the formability of ASS in this temperature range, through simulations. The limiting drawing ratios (LDR), 
thickness distribution of formed cup are commonly used to measure the formability of sheet metal in deep drawing.  The 
LDR is defined as the ratio of the maximum blank diameter to the cup diameter which can produce in a single stroke without 
fracture.  In this study the deep drawing simulations were performed in the explicit finite element code LS-Dyna with 
different material models at 400°C and diameter of the blank at LDR.  The effects of these material models on accurately 
predict material behavior in DSA have studied.  With this work it was found that Barlat material model is more accurate than 
MTS model. 
 
2. Material and Experimentation  
 
Material used in this study was austenitic stainless steel 316 sheet of 1.0 mm thickness. These are molybdenum-bearing 
austenitic stainless steels which are more resistant to general corrosion and pitting/crevice corrosion than the conventional 
chromium-nickel austenitic stainless steels such as Alloy 304. These alloys also offer higher creep, stress-to-rupture, and 
tensile strength at elevated temperatures. It contains 2 to 3% molybdenum, which enhances pitting and general corrosion 
resistance. In addition to excellent corrosion resistance and strength properties, the alloys also provide the excellent 
fabricability and formability which are typical of the austenitic stainless steels. 
 
The experiments were carried out on the experimental test rig 
which is shown in Fig. 1. This test rig is specially designed so that 
deep drawing operations can be performed at elevated 
temperatures. Inconel-600 was used in designing and 
manufacturing die, blank holder and punch. Two sets of furnaces 
were installed on a 20 ton hydraulic press. One heater is utilized 
to heat the blank and another is attached to the lower die in order 
to prevent the bank from becoming cold before actual drawing 
starts. A continuous coolant supply is provided to the heaters of 
die and blank. The temperatures are recorded by using pyrometer 
which is a noncontact temperature detecting instrument. This 
works on the principle of capturing the wavelength of the 
radiation that is emitted by the material. A Data acquisition 
system which is connected to the press to obtain inputs like punch 
travel, load applied on the blank, blank holding pressure. It is fed 
to the computer where it directly plots outputs like variation of 
load with displacement and blank holding pressure with 
displacement. 
 
The blanks are made into circular shape of different diameters increment of 
2mm by using shearing and lathe machine. The die is heated and when it reaches 
the required temperature, lubricant is applied so that the friction at the elevated 
temperature can be reduced and then the blank is heated (as blank gets heated up 
quicker than the die so the latter is heated before the former) and then it is placed 
on the die and the drawing operation is performed. LDR at different temperature 
was calculated experimentally by performing a series of deep drawing test on 
circular blanks of 1 mm thickness by varying the diameter. The lubrication used 
for the reduction of friction between die and punch assembly is Molycote. It 
contains Molybdenum base material which is highly effective at elevated 
temperature. The setup temperature was controlled and is prevented from 
overheating by means of water circulation from cooling tower. With the repeated 
experiments it was found that at 400°C LDR is 72 mm. Fig 2 is shown the 
experimental drawn cup in DSA region. 
Fig. 1: Experimental test rig. 
Fig 2: Experimentally drawn cups 
at 400°C in the DSA region 
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Fig: 3 Simulation of deep drawing 
in LS-Dyna 
Fig. 4: Simulated cup at 400°C in DSA region by MTS model  
 
Fig. 5: Simulated cup at 400°C in 
DSA region by Barlat model  
 
3. Deep drawing simulations  
 
The deep drawing simulations were performed using a commercially available code Dynaform version 5.6.1 with LS-
Dyna version 971 solver with coupled thermal analysis for deep drawing at elevated temperature. The code is developed for 
applications such as sheet metal forming, automobile crashworthiness, occupant safety and underwater explosions. It is a 
non-linear dynamic simulation package which can simulate different types of sheet metal processes like deep drawing, 
stretching, bending, hydro forming, stamping, etc. to predict stresses, strains, thickness distribution, etc. and the effect of 
various design parameters of tooling on final product can be studied. 
 
The input models like die, blank, blank holder and punch were constructed 
in pre-processor. After surface is generated, fine meshing is done on the surface 
of the tool components and on the blank and automatically the nodes are 
created. Fine meshing is done on the blank to obtain accurate results. The 
complete model in the pre-processor is shown in Fig. 2.  The blank and the tool 
components were meshed using Belytschko- Tsay shell elements as it takes less 
computational time, around 30–50% less time than others. Material properties 
that are calculated at 400°C temperature on UTM machine which is coupled 
with the furnace are used to run the simulation. The properties of ASS316 that 
are found at these temperature by conducting tensile test on UTM. Barlat and 
MTS material models were chosen for effectively simulate the behavior of 
material in DSA region.  Barlat’s model incorporates the effect of both normal 
and planar anisotropy in the yielding behavior of the material. MTS model 
incorporate serration in flow stress during plastic deformation.  
 
4. Results and discussions 
 
Drawability of sheet metal is increased by increase the temperature of the sheet. But at 400°C the drawability of 
ASS316 was decreased compared with 300°C. 74 mm blanks can be drawn safely at 300°C and it's supposed to increase at 
higher temperature. At 400°C this blank was fractured, here maximum of 72 mm blank only can deep drawn At this 
temperature stresses in the cup were increased and thickness variations also increased. The formability of the material at 
400°C was decreased due to the DSA phenomena. These 
experimental predictions are simulated in LS-Dyna.  
 
In LS Dyna lot of material models are exists, among 
them barlat material model is widely used for metal 
forming simulations. Barlat model considers sheets with 
anisotropic nature under plane stress conditions. This 
material model allows the use of the Lankford 
parameters for the definition of the anisotropy. This 
model does not consider DSA phenomena. MTS material 
model in LS Dyna takes care of DSA phenomena. This 
model is based on dislocation dynamics and thermal 
activation theory. It describes a material’s flow stress as 
a combination of three components. The first one is rate 
independent interactions of dislocations with long-
range barriers and a thermal stress. Second is the rate 
and temperature dependent contribution due to intrinsic 
barriers, a thermal stress for the interaction of 
dislocations with interstitial obstacles. Third is a 
structure that evolves with plastic strain due to work hardening and dynamic 
recovery a threshold stress for the dislocation interaction. These factors govern the 
DSA effect on material model and properly predict the phenamina.  
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 Simulations were performed using these two MTS 
material model in LS Dyna. Fig 4 is shown the cup 
drawn by FEM using the MTS material model. The 
drawn cup is not shown any earrings by this model 
which were observed on the experimentally drawn cup 
in fig. 2.but it is shown safe and thickness decreased to 
0.45 mm, which is an indication of poor quality cup. 
Also FLC is discontinued curve, with MTS model. 
Results are not come appropriate.  Simulations were 
repeated with Barlat material model which is shown in 
fig.  5. This barlat model form, the cup, resembles the 
experimental cup. In this thickness of the cup is not 
reduced to less than 0.8 mm. Thickness variation is not 
more than 20% which give a good quality cup.   
 
Fig 6 is shown the thickness distribution of barlat model and MTS model compared with experimental cup thickness. 
Barlat material model predicting close accurate than the MTS model. The MTS model considers DSA phenomena, but it did 
not consider the anisotropic nature of the blank material. Barlat model may not simulate DSA phenomena but it takes the 
material properties measured at 400°C. These properties are affected by DSA phenomena, and they consider, the results 
close to experimental results.   
 
Barlat model predicts the drawn cup parameters more accurately than the MTS model. In MTS model material considers 
as isotropic and when force applied material was undergone deformation in all the directions. This leads to strain in the 
thickness directions as well. Due to the thickness strain, the thickness was reduced more in the base of the cup. Material flow 
into the flange results in more thickening of the cup at walls.  
 
5. Conclusions 
 
In this work the ASS 316, 1mm thick sheet deep drawn experimentally at 400°C with different blank diameters. It was 
founded that maximum of 72 mm diameter blank can deep drawn at this temperature. LDR is 2.4 for ASS316 at 400°C in 
DSA. Simulations are performed in the same temperature with Barlat and MTS material models. Both models are predicted 
the LDR exactly but thickness distribution was predicted more closly with the experimets by Barlat model. Among them 
Barlat model predicts the material behavior moreaccuratly.  
 
Aknlowledgment 
The author would like to acknowledge the financial support given by All India Council of Technical  Education (AICTE), 
Government of India, Research Promotional Scheme (Through RPS)20/AICTE/RIFD/RPS(POLICY- III)99/2012-13. 
 
References 
Anjabin N., A. Karimi Taheri, H.S. Kim, 2013, “Simulation and experimental analyses of dynamic strain aging of a 
supersaturated age hardenable aluminum alloy” Materials Science and Engineering: A, P 165–173 
Benallal A,  T. Berstad, T. Børvik, A.H. Clausen, O.S. Hopperstad, 2006 ,“Dynamic strain aging and related instabilities: 
experimental, theoretical and numerical aspects”, European Journal of Mechanics - A/Solids, P 397–424 
Bolt P.J., Lamboo N.A.P.M., Rozier P.J.C.M., 2001. Feasibility of warm drawing of Al products, J of Mater Process Tech. pp 
118-121. 
Brüggemann C., T. Böhlke, A. Bertram “Modelling and Simulation of the Portevin-Le Chatelier Effect”  Micro-Macro-
interaction 2008, pp 53-61  
Hussaini SM, SK. Singh, AK Gupta, “Experimental investigation of Dynamic strain aging regime in Austenitic Stainless Steel 
316” International Journal of Engineering Research & Technology (IJERT) Vol. 2 Issue 8, 2013, P 1691-1694 
Kurukuri S., van den Boogaard A.H., Miroux A., B., 2009. Holmedal Warm forming simulation of Al–Mg sheet.J of Mater 
Process Tech. pp, 5636-5645. 
Mesarovic, Sinisa Dj McCormickPG. “Dynamic strain aging and plastic instabilities’. . Journal of the Mechanics and Physics of 
Solids vol. 43 issue 5 May, 1995. p. 671-700 
Pardo A., M.C. Merino, A.E. Coy, F. Viejo, R. Arrabal, E. Matykina, “Pitting corrosion behaviour of austenitic stainless steels – 
combining effects of Mn and Mo additions” Corrosion Science, Volume 50, Issue 6, 2008, Pages 1796-1806 
 
 
Fig. 6: Thickness distribution of drawn cup in DSA region 
